A wastewater-treatment flowsheet was developed to integrate uniquely designed biological processes with physical-chemical unit processes, allowing conversion of the organic carbon in the wastewater to methane, the removal and recovery of phosphorus and nitrogen from the wastewater, and the production of water suitable for reuse. In the flowsheet, energy is derived from the wastewater by first shunting a large fraction of the organic carbon in the wastewater to a solids slurry which is treated via anaerobic digestion. The anaerobic digestion system consists of focused pulsed (FP) pretreatment coupled to anaerobic membrane bioreactors (MBRs). Computer modelling and simulation results are used to optimize design of the system. Energy generation from the system is maximized and costs are reduced by using modest levels of recycle flow from the anaerobic MBRs to the FP pretreatment step.
INTRODUCTION
A new paradigm is emerging in regard to the treatment of municipal wastewaters. As stated by McCarty in his address at the opening general session of the 2007 Water Environment Federation Technical Exhibition and Conference, 'our general goal of solving our problems by oxidizing organic wastes to carbon dioxide is now open to question' (Burfe ) . McCarty states in connection with his current work at Stanford University that in the future the objective should be to treat wastewater not as a waste but as a resource for water, energy and nutrients while reducing the impact of wastewater treatment on greenhouse gas (GHG) emissions (McCann ) .
With these objectives in mind, a wastewater-treatment flowsheet was developed to achieve the goals of energy sustainability and water and nutrient recovery, while minimizing residual solids production (i.e. biomass) and the release of GHGs. The new flowsheet integrates uniquely designed biological processes with physicalchemical unit processes, allowing conversion of the organic carbon in the wastewater to methane, the removal and recovery of phosphorus and nitrogen from the wastewater, and the production of water suitable for reuse. In the flowsheet, energy is derived from the wastewater by first shunting a large fraction of the organic carbon in the wastewater to a solids slurry that ultimately is treated via anaerobic digestion. The organic carbon shunt, measured by chemical oxygen demand (COD) removal from the wastewater and transfer to the anaerobic digestion system, is efficiently maximized through application of an aerobic membrane biological reactor (MBR). The efficiency of anaerobic digestion is optimized by using pretreatment to make the organic solids more bioavailable and an anaerobic MBR.
The purpose of this paper is to present the treatment principles and mechanisms dictating the performance and operation of the various unit processes making up the new flowsheet, depicted in Figure 1 . A key feature is that the focused pulsed (FP) solids pretreatment technology is combined with an anaerobic MBR to give a high-performance, volumetrically efficient, anaerobic digestion system. Modelling and simulation results are used to optimize the design of the anaerobic digestion system and to quantify the advantages of the new flowsheet with respect to energy usage and solids production versus a current conventional approach for treating municipal wastewater. Cost information is also provided.
FLOWSHEET TREATMENT STEPS
The embodiment of the new flowsheet (Figure 1 ) designed to achieve near complete treatment (i.e. effluent total suspended solids (TSS), total P and total N requirements of, respectively, 5, 0.1 and 3 mg/l) of municipal wastewater, is made up of four principal treatment steps. The steps are an aerobic MBR, an anaerobic digestion system, and two physical-chemical systems to achieve nutrient removal resulting in an effluent suitable for reuse. The new flowsheet derives energy from the wastewater by first shunting a large fraction (i.e. 80% or more) of the organic carbon in the wastewater to a solids slurry and ultimately treating the solids via anaerobic digestion.
Soluble, particulate, and colloidal organics are removed in the aerobic MBR, which is designed and operated at a low (i.e. 1 to 2 days) solids retention time (SRT) and a high biomass concentration (e.g. 7 g/l measured as volatile suspended solids (VSS)) translating to a low (i.e. less than 1.0 h) bioreactor hydraulic retention time (HRT). The mechanisms responsible for COD removal across the MBR system are:
1. organic carbon oxidation; 2. conversion of organic carbon into cell mass; 3. storage/absorption of organic carbon into the cells; 4. adsorption of colloidal and/or particulate organic carbon onto the high concentration of TSS present in the reactor;
5. membrane retention of particulate and colloidal organics not reacting with the biomass solids.
The last four mechanisms are maximized by the choice of the MBR and its operating conditions, which in turn maximizes the fraction of the wastewater COD transferred to the anaerobic step versus the fraction aerobically oxidized to carbon dioxide. Details regarding flowsheet modelling supporting the claim of 80% transfer of wastewater COD to the anaerobic step are provided in a report prepared by Schraa (). The report includes mass balances for COD and other wastewater components around the new flowsheet.
The solids slurry from the aerobic MBR system, which contains a large fraction of the wastewater organic carbon, is routed to a volumetrically efficient, high-performance, anaerobic MBR following thickening and pretreatment. Additional details concerning the anaerobic digestion system are provided in the following section entitled "Coupled pretreatment-anaerobic MBR digestion system."
A number of physical-chemical treatment processes could be selected for phosphorus removal and recovery. The adsorption-precipitation filtration (i.e. reactive filtration) process, such as that embodied as the Blue PRO system (Newcombe et al. ), appears to represent an attractive alternative for achieving near complete P removal in the new flowsheet application. The use of the Fe-based reactive filtration process allows phosphorus to be recovered in the form of a slow-release, high-P material following dewatering and drying, potentially representing a fertilizer product. The nitrogen in the effluent from the aerobic MBR of the new flowsheet is in the form of ammonia plus a small fraction of soluble organic nitrogen. If near complete nitrogen removal and recovery are the treatment goal, a number of physical-chemical technologies could be selected including ion-exchange and reverse osmosis. An analogous approach to ion-exchange, which appears to represent an attractive method for ammonia removal in the new flowsheet, is the use of the zeolite medium clinoptilolite as a molecular sieve.
COUPLED PRETREATMENT-ANAEROBIC MBR DIGESTION SYSTEM
In the new flowsheet in Figure 1 , the thickened waste solids from the aerobic MBR are routed to an anaerobic digestion system operated at mesophilic temperature conditions and consisting of a solids pre-treatment step coupled to an anaerobic MBR. Choice of the anaerobic MBR configuration is based on the following benefits:
1. maximizing the volumetric efficiency of the digestion step, even though the SRT must be modestly long (e.g. 20 to 40 days) to provide high solids hydrolysis, by allowing operation at a relatively high reactor TSS concentration (e.g. 3 to 5%); 2. maximizing performance of the digester (i.e. organics conversion to methane) by retaining colloidal solids and high-molecular weight organic compounds; 3. maximizing digester stability by allowing precise SRT control; 4. providing a single point for removal of excess (or waste) solids.
FP pre-treatment is applied to maximize the conversion of the organics to methane and minimize excess solids from the anaerobic MBR digestion system. To minimize the energy required to operate the pretreatment step and the size of the anaerobic MBR, the solids slurry from the aerobic MBR is first thickened. The FP technology (OpenCEL) is a small, mechanically simple system that is discussed in detail elsewhere (e.g. Rittmann et al.  and Salerno et al. ) . In brief, FP uses high voltage electrical micropulses to disrupt the biomass cell wall and membranes, releasing organic material that is more readily bioavailable for methane digestion.
DESIGN OPTIMIZATION
The anaerobic digestion system is designed with the goal of achieving 85% conversion to methane of the COD transferred to the system from the aerobic MBR. This level of methane conversion, although dramatic, is supported by the model as detailed by Schraa () . The model results need to be verified through piloting of the complete anaerobic digestion system.
Since a goal of the new flowsheet is energy sustainability, methane is converted to electrical power by a cogeneration unit. The anaerobic digestion system consumes electrical energy to operate the FP treatment step, to operate the anaerobic MBR (e.g. reactor mixing, membrane operation), and for waste solids heating in order to maintain the anaerobic reactors in the optimal mesophilic temperature range (∼35 W C). The largest energy consumer among those steps is FP pre-treatment (Sutton et al. ). Therefore, computer modelling and simulation results were used to define the optimal design conditions related to the FP treatment step. The computer model for the new flowsheet was developed using the Hydromantis GPS-X process simulator in the treatment of degritted, fine screened wastewater. Wastewater characteristics used for the GPS-X simulation are summarized in Table 1 . The characteristics are typical of US municipal wastewater. The new flowsheet model and simulation results are detailed elsewhere (Sutton et al. ; Schraa ). Key features of the modelling of the anaerobic digestion system are as follows.
1. A membrane separator was used to achieve thickening of the waste solids from the aerobic MBR (Figure 1 ). It was assumed the solids would be thickened to a TSS concentration of 40 g/l. This membrane step and those Characteristics of feed to the aerobic MBR (Figure 1 ). CBOD5 represents five day carbonaceous biochemical oxygen demand. TKN total Kjeldahl nitrogen, TN total nitrogen, TP total phosphorus. associated with the aerobic and anaerobic MBRs were modelled using a membrane filter model. 2. A customized mass balance model was used for the digester pretreatment step based on application of the FP technology. 3. The MantisAD biological model was used for the anaerobic MBR digester with certain additions to account for phosphorus release and uptake, and the effect of the FP pretreatment step. It was assumed 500 mg/l of semisoluble COD was retained by the membrane and directed to the waste solids. The tubular membrane system was designed assuming an average flux of 51 l/m 2 /h.
The model results indicate approximately 80% of the wastewater COD mass is shunted to the anaerobic digestion system from the aerobic MBR. This value is derived by comparing the COD in the feed to the aerobic MBR (Table 1) to the COD of the thickened waste solids from the aerobic reactor. The characteristics of these solids, together with other design and performance information specific to the anaerobic digestion system, are summarized in Figure 2 for the case where the recycle flow rate from the anaerobic MBR to the FP treatment step (q) is 85 m 3 /day. This recycle flow rate corresponds to a recycle ratio (r) of 1.0 (i.e. Figure 2 , q/Q). In order to achieve the objective of 85% conversion of the feed waste solids COD to methane, the anaerobic MBR reactors were designed at an SRT of 28 days, as noted in the Figure 2 footnote. The value of the SRT reflects a decrease in the growth rate of the methanogens due to their exposure to the FP treatment step as a result of the high r value and the presence in the reactors of an ammonium-N concentration of greater than 1,000 mg/l. The high r value maximizes the throughput of solids through the FP treatment step, thus maximizing the mass of solids undergoing solubilization. However, the energy requirements associated with the step increase proportionally to r. To reduce the FP energy required while still achieving 85% feed COD conversion to methane, results were derived using the anaerobic digestion system model for r values of 0.67 and 0.33. The model results indicate a need for a longer anaerobic reactor SRT and HRT (Table 2, footnotes) as the recycle ratio is decreased. This result is the expected trade off, as the extent of solids/COD solubilization or hydrolysis occurring associated with the FP step is reduced with lower r.
Independent of the value of r, routing more COD to the anaerobic digestion system from the aerobic MBR, and designing the anaerobic MBRs to achieve near complete conversion of the COD to methane, maximizes the energy generated from the system in the form of methane.
The new flowsheet anaerobic digestion system generates approximately 10,000 kWh/day of thermal plus electrical energy (Table 3 ) according to the model results in the treatment of the wastewater defined in Table 1 . This value is approximately four times greater than that generated from the model for a conventional biological treatment system utilizing anaerobic digestion (Sutton et al. ) . The net energy produced from the new flowsheet anaerobic digestion system increases as the r value is reduced, mainly due to a decrease in the FP pretreatment step energy consumption (Table 3) . At an r value of 0.33, the net energy produced is 6,699 kWh/ day, versus a value of 6,030 kWh/day at the r value of 1.0 (Table 3 ). The comparable value for the conventional system (Sutton et al. ) is 60 kWh/day. The new flowsheet anaerobic digestion system design not only results in a dramatic increase in net energy production versus the conventional anaerobic system design, but also leads to a significant reduction in the residual solids produced from the complete wastewater treatment system. The new flowsheet modeling results show less than 1,200 kg/day of residual solids, or 63 kg per 1,000 m 3 of wastewater treated, will require disposal. A comparable value for a conventional system, designed to achieve near complete nitrification and partial denitrification, would be approximately 2,200 kg/day (Sutton et al. ) , or 83% more. It is assumed the conventional system does not include primary treatment and utilizes aerobic digestion for waste solids treatment. Furthermore, the residual solids from the new flowsheet are only those wasted from the anaerobic reactors (Figure 2 ), since residuals generated from the phosphorusand ammonia-removal systems (Figure 1 ) represent fertilizer products and therefore do not require disposal.
COST IMPLICATIONS
Reducing the recycle flow from the anaerobic MBRs to the FP treatment step reduces the solids load to the step. At the r value of 0.33, the solids load reduction allows application of a smaller FP unit, translating to substantial capital cost savings (Table 4) . Although this lower r value leads to the need for larger anaerobic reactors, thereby increasing the cost of the anaerobic MBR system, this cost increase is less than the cost decrease associated with the use of the smaller FP unit (Table 4) . Combining the capital cost with operation and maintenance costs for the complete anaerobic digestion system (Table 5) translates to a reduction in life cycle cost as the r value is reduced (Table 6 ). Consists of a single tank divided into three, equally sized membrane trains with two trains in operation. Assumed at 50% of total equipment cost (Table 4) . 
